ABSTRACT Organic photo-detector (OPD) is lightweight and physically flexible. It can transform plastic or glass into smart surfaces. Visible light communication (VLC) is considered as one of the promising technologies for the future wireless communications. VLC combines the advantages of lighting and communication simultaneously. Besides, it can be deployed using existing lighting infrastructure; hence little extra cost is needed to provide this wireless communication. As the OPD has a large optical detection area, it would be interesting to employ the OPD as VLC receiver (Rx). If the OPD can be used in the VLC systems, it can benefit the Internet-of-Thing (IoT) networks by providing efficient human-to-machine and machineto-machine communications. However, implementing VLC using OPD Rx is challenging. Due to the slow charging and discharging processes of the OPD, the optical-to-electrical response speed is limited. Besides, the OPD requires external bias to be operated. Here, we propose and demonstrate using pre-distortion scheme for pulse-amplitude-modulation (PAM) signal to a self-powered PCBM:P3HT OPD to enhance the VLC transmission performance. The operation of the self-powered PCBM:P3HT OPD is discussed. Both experiments using PAM-2 and PAM-4 (with and without pre-distortion) are evaluated. The performance, requirement and capability limitations of the pre-distortion schemes are also analyzed and discussed by using numerical simulations.
I. INTRODUCTION
Organic photo-detector (OPD) is lightweight and physically flexible [1] . It can transform plastic or glass into smart surfaces. Visible light communication (VLC) is considered as one of the promising technologies for the future wireless communications [2] - [10] . VLC combines the advantages of lighting and communication simultaneously [2] . It can be deployed using existing lighting infrastructure; hence little extra cost is needed to provide this wireless communication. Besides, it can also provide other applications, such as accurate indoor positioning [11] . In the VLC systems, semiconductor-based positive-intrinsic-negative (PIN) photodiode (PD) and avalanche PD (APD) are used to detect the optical signals. However, both types of PDs require external bias voltage to be operated. In addition, APD needs very high bias voltage to produce the required avalanche process for the optical signal detection. Furthermore, as the detection areas of the PIN PD and APD are very small, precise alignment between the VLC transmitter (Tx) and the optical receiver (Rx) is required for signal detection [12] . As the OPD has a large optical detection area, it would be interesting to employ the OPD as VLC Rx. If the OPD can be used in the VLC systems, it can benefit the Internet-of-Thing (IoT) networks by providing efficient human-to-machine and machine-tomachine communications. The OPD performance has been improving continuously over the last decade; and the dark current and responsivity of the OPD are approaching to that of silicon (Si)-based PDs [13] . Lifetimes of OPD over 14,000 hours under continuous operation are reported [13] .
However, implementing OPD for VLC is challenging. Due to the slow charging and discharging processes of the OPD, the optical-to-electrical (OE) response speed is very limited. Spectral efficiency modulation format, such as orthogonal-frequency-division-multiplexing (OFDM) can enhance the VLC data rate [14] , [15] ; however, the generation and demodulation of OFDM signal require complicated digital-to-analog converter (DAC) and analog-to-digital converter (ADC). In addition, the OPD requires external bias to be operated.
In this work, we propose and demonstrate a self-powered OPD for IoT VLC system. In the self-powered integrated OPD, amorphous silicon based photovoltaic cell is used to provide the required direct-current (DC) bias for the OPD and energy harvesting for the IoT device simultaneously. In addition, pre-distortion pulse-amplitude-modulation (PAM) signal is used to enhance the OE response of the OPD. Both the experiments of employing PAM-2 and PAM-4 are evaluated; and the experimental results show that the data rate of the proposed self-powered OPD based VLC can increase from 25 kbit/s to 125 kbit/s (about 5 times) with the bit-errorrate (BER) satisfying the 7% forward error correction (FEC) requirement. The performance, requirement and capability limitation of the pre-distortion schemes are also analyzed and discussed by using numerical simulations. Fig. 1 shows the structure of the OPD used in the VLC system. A glass substrate coated with indium tin oxide (ITO) is used to support the OPD device. On top of the ITO, a layer of poly(ethylene-dioxythiophene) (PEDOT) doped with poly(styrene sulfonate) (PSS) is deposited. The ITO/ PEDOT:PSS bi-layer acts as the anode of the OPD cell and collects the photo-generated holes. Poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl-C61-butyric acid methyl ester (PCBM) acts as the active layer for the OPD cell. An aluminum (Al) layer is used as the cathode of the cell. Several OPDs were prepared in the laboratory, and we arbitrary measured the current density against voltage (J-V) characteristics of the ITO/PEDOT/PCBM:P3HT/Al OPD device in dark (D) and light (L) environments as shown in Fig. 2 . We can observe that the uniformity of our prepared samples is good with negligible difference between the two samples. As the current density is very small at zero bias; external applied bias voltage is required for the practical operation. Inset of Fig. 2 shows the photography of the ITO/PEDOT/PCBM:P3HT/Al OPD. Fig. 3 shows the experimental setup of the proposed self-powered OPD based VLC system using pre-distortion to enhance the transmission performance. In the proofof-concept demonstration, the Tx is a single white-light phosphor-based LED chips (Cree R XR-E), with a correlated color temperature (CCT) of 5,000 K. An arbitrary waveform generator (AWG, Tektronix R AFG3252C) is used to generate the PAM-2 and PAM-4 (without and with pre-distortion) signals respectively applying to the LED. The analog bandwidth and the sample rate of the AWG are 240 MHz and 2 GSample/s respectively. The generated VLC signal will travel different transmission distances and then be detected by the sell-powered OPD. In the self-powered OPD, two amorphous silicon (a-Si) based photovoltaic (PV) cells are used to provide the necessary 12 V DC bias voltage for the OPD cell. A home-made bias-tee circuit is used to connect the a-Si PV cell and the OPD cell so that only the DC signal will be passed from the a-Si PV cell to the OPD cell, while the alternate current (AC) VLC signal will be blocked. The a-Si PV cells can also provide energy harvesting for the IoT device simultaneously if needed. The a-Si PV cell has the dimension of 96.8 × 28 mm and V op /I op = 6 V/15 mA. Then, the self-powered OPD is connected to a real-time oscilloscope (RTO, Tektronix R MDO3024) for signal detection. The analog bandwidth and the sampling rate of the RTO are 200 MHz and 5 GSample/s respectively. Finally, the received signal is decoded and analyzed by using Matlab R program in the computer.
II. PCBM:P3HT ORGANIC PHOTODETECTOR (OPD)

III. OPERATION PRINCIPLE AND EXPERIMENT
As the OE response of the OPD has the low-pass filtering characteristic; hence, high attenuation is observed at the high frequency components of the detected signal, causing severe inter-symbol interference (ISI). Here, we demonstrate using pre-distortion to increase the power of the high-frequency components of the transmitted VLC signal in order to compensate the low-pass filtering effect of the Rx. Pre-distortion is a low-complexity, non-adaptive equalization technique [16] that can significantly mitigate the slow charging and discharging of the OPD. It is suitable for simple communication channel in which training and adaptation processes are not needed. Hence it is suitable for the IoT systems. As mentioned before, the low-pass filtering effect of the OPD will introduce high attenuation to the high frequency components of the received signal; hence in the transmitted signal, we purposely increase the signal power of the high frequency components. This is similar to adding signal over-shoot at the rising-edge of the signal and adding signal under-shoot at the falling-edge of the signal. The special pre-distortion waveforms will be illustrated in Fig. 4 . Fig. 4(a) shows a time-trace of an arbitrary PAM-2 waveform, and Fig. 4(b) shows the corresponding waveform after predistortion. If the amplitude level of the preceding symbol is lower than itself; the front part of the symbol is set higher. On the contrary, if the preceding symbol is higher than itself, the front part of the symbol is set lower as shown in Fig. 4(b) . No pre-distortion is deployed when the amplitude level of the preceding symbol is the same as itself. Similar idea is applied to the waveform of the PAM-4 signal as shown in Fig. 4 (c) and 4(d).
We can observe that two logic bits are grouped in one symbol in PAM-4. For a symbol period T, the PAM-4 signal can carry twice the information when compared with PAM-2. Similar pre-distortion algorithm is used in the PAM-4 signal to increase the power of the high-frequency components of the transmitted VLC signal in order to compensate the low-pass filtering effect of the Rx. 
IV. RESULTS AND DISCUSSION
Figs. 5(a) and (b) show the measured BER curves of the PAM-2 signal without and with pre-distortion at different data rates and the transmission distances of 50 cm and 70 cm respectively. The illuminations of 50 cm and 70 cm are 1000 lux and 500 lux respectively when measured by a lux meter. Longer transmission distances are possible when using higher power LED. At the free-space transmission distance of 50 cm, the maximum data rate achieved is <50 kbit/s as shown in Fig. 5(a) . By using the pre-distortion, the performance of the PAM-2 signal can be greatly improved. The maximum achievable data rate is 100 kbit/s, satisfying the 7% FEC requirement. When the free-space transmission distance is extended to 70 cm, due to the reduction of the received optical power, which in terms affect the received optical signal-to-noise ratio (SNR), the maximum data rate achieved is 25 kbit/s, as shown in Fig. 5(b) . By using the pre-distortion, the performance of the PAM-2 signal can be greatly improved; and the maximum achievable data rate is 50 kbit/s satisfying the 7% FEC requirement. The insets in Figs. 5(a) and (b) are the corresponding measured eye diagrams at distances of 50 cm and 70 cm respectively. From the measured results, it is observed that the strong ISI due to the slow charging and discharging effects of the OPD cell can be mitigated by the employment of pre-distortion. Fig. 6(a) shows the measured BER curves of the pre-distortion 50 kbit/s PAM-2 signal when propagating different free-space distances with the corresponding measured eye-diagrams shown in the insets. When the transmission distances are increased from 40 cm (1600 lux) to 70 cm (500 lux), the BER improves from 8 × 10 −11 VOLUME 6, 2018 FIGURE 5. Measured BER of the PAM-2 signal performance without and with pre-distortion at different data rates and under transmission distance of (a) 50 cm (1000 lux) and (b) 70 cm (500 lux). Insets are the corresponding measured eye diagrams.
to 2×10 −3 , and they all satisfy the FEC requirement. Finally, PAM-4 signal is used instead of PAM-2. Fig. 6(b) shows the measured BER curves of the PAM-4 signal without and with pre-distortion and at different data rates. The corresponding measured eye-diagrams at data rate of 100 kbit/s are shown in the insets. We can observe that a data rate of 125 kbit/s can be achieved in the pre-distorion PAM-4 signal with BER measurement satisfying the FEC limit. From the measured results, it is observed that the strong ISI due to the slow charging and discharging effects of the OPD cell can be mitigated by the employment of pre-distortion.
Although traditional silicon PD based Rx can provide much higher Rx bandwidth (>500 MHz), the OPD Rx is lightweight and physically flexible. It can be potential lowcost and can provide large optical detection area. Besides, the pre-distortion scheme reported here is to increase the signal power of the high frequency components so that after the low-pass filtering effect of the OPD, the ISI causing signal degradation can be mitigated. Hence, the pre-distortion scheme can also work in traditional silicon PD based VLC.
V. NUMERICAL ANALYSIS AND DISCUSSION
A theoretical performance analysis of the pre-distortion scheme to study its capability and limitations is presented in this section. The performance analysis is performed by using VPI Transmission Maker V7.5. In order to study the effect of the ISI introduced by the bandwidth limitation of the OPD Rx and the required Tx bandwidth with pre-distortion for ISI mitigation, the noise sources from the Tx and the Rx are purposely set to zero. Hence, the simulated Q values will be higher than the experimental results. The simulation parameters, such as the OPD bandwidth and signal data rates are based on the experimental parameters. The PAM-2 and PAM-4 data rates in the simulation are 50 kbit/s and 100 kbit/s (50 kbaud/s) respectively; and the OPD Rx bandwidth is 8 kHz obtained from the experiment. Fig. 7(a) and 7(b) show the simulated Q (dB) values of the PAM-2 and PAM-4 signals without and with pre-distortion respectively at different Tx-bandwidth to signal-bandwidth ratio (BW TX /BW sig ). The Insets show the corresponding simulated eye-diagrams at BW TX /BW sig = 0.5, 1 and 1.5 respectively. As shown in the solid line (blue line) in Fig. 7(a) and 7(b) , without using the pre-distortion scheme, the PAM-2 and PAM-4 eyediagrams are completely closed due to high ISI. The OPD bandwidth is equivalent to a low-pass filter circuit at the Rx, and the pre-distortion scheme is equivalent to apply a highpass filter circuit at the Tx. Hence, after the convolution of the two filters, a flat transfer function can be achieved. After the implementation of pre-distortion, as shown in the dotted line (red line) of Fig. 7(a) and 7(b) , high quality PAM-2 and PAM-4 eye-diagrams with negligible ISI can be observed.
Although the pre-distortion can mitigate the ISI introduced by the bandwidth limitation of the OPD, there are capability limitations of the pre-distortion scheme. One limitation is that as the pre-distortion (over-shoot and under-shoot in time-domain signal) introduces high frequency components to the PAM-2 and PAM-4 signals, the Tx bandwidth requirement should be increased. As shown in Fig. 7(a) , the Q value improvement of the eye-diagram is saturated when the Tx-bandwidth to signal-bandwidth ratio (BW TX /BW sig ) is larger than 1.5. This means that the Tx bandwidth should be 1.5 times larger than the PAM-2 signal bandwidth. This is different from the traditional PAM-2 signal (without predistortion) transmission in which the Tx bandwidth required is only ∼70% of the signal data rate. This will create burden to the system cost by using a higher specification Tx. Similarly, as shown in Fig. 7(b) , a high quality PAM-4 eye-diagram with little ISI is observed when the BW TX /BW sig is also larger than 1.5. Although the 1.5 times BW TX /BW sig are required in both the PAM-2 and PAM-4 signals, the rising slope of the two signals are different as shown in the dotted lines in Fig. 7(a) and 7(b) . This is because the PAM-4 signal has a rectangular-shaped spectrum when compared with that of the PAM-2 signal. Hence, PAM-4 signal needs a tighter Tx bandwidth requirement than the PAM-2 signal. Another capability limitation of the pre-distortion scheme is that it is not an adaptive process, and in practical realization the frequency response of the OPD is not known by the Tx. Hence the exactmatch of the transfer function of pre-distortion at the Tx and the low-pass-filtering transfer function at the Rx is difficult to achieve. Although the exact-match condition will not happen, the pre-distortion can still improve the system performance to a certain extend. Hence pre-distortion is still very useful equalization technique for low-complexity systems, such as IoT, in which adaptive training and complicate equalization are too power-cost sensitive.
VI. CONCLUSION
In this work, we proposed and demonstrated a self-powered PCBM:P3HT OPD for IoT VLC system. The operation of the self-powered PCBM:P3HT OPD cell was discussed. Due to the slow charging and discharging processes of the OPD cell, the OE response speed was limited. Besides, the OPD Rx requires external bias. Here, we proposed and demonstrated using pre-distortion PAM signal to a self-powered OPD Rx to enhance the VLC transmission performance. Both experiments using PAM-2 and PAM-4 (with and without predistortion) were evaluated. By using the proposed schemes, the experimental results showed that the data rate of the OPD Rx can increase by about 5 times satisfying the 7% FEC requirement without the need of external bias voltage. Besides, the performance, capability limitation and requirement of the pre-distortion schemes were also analyzed using numerical simulations. 
